Abstract A multi-channel system was developed for simultaneous monitoring of multiple environmental factors and electrical signals in greenhouse grown cucumber plants. Using this system, electrical signals in response to water stress were recorded in the laboratory and in the greenhouse. Application to the roots of a 30% polyethylene glycol 6000 solution (-0.84 MPa water potential) caused a significant decrease in the amplitude of an electrical signal induced by a dark/light change. The amplitude of the mean value of the signal in the transition from dark to light (40-50 min at dawn) was used to reflect the status of the plant under water stress, at which time the soil water content was reduced to 27%. The system was able to provide a long-term stable tool to measure and analyse changes in electrical signals in plants in response to environmental changes.
INTRODUCTION
Drought, low temperature, and high salinity are common stress conditions that adversely affect plant growth and crop production. The mechanisms by which plants perceive environmental signals and transmit the stress signals to cellular machinery to activate adaptive responses is of fundamental importance to biology. The cellular and molecular responses of plants to environmental stress have been investigated by many researchers (Thomashow 1999; Hasegawa et al. 2000) .
In addition to hydraulic and chemical signals, plant cells also produce and transfer bioelectrical signals (Lou 1996) . When electrical signals (fluctuations) are only locally generated and not transferred to the other parts of a plant, they are defined as Local Electrical Potential (LEP) (Lou 1996) . The LEP is a subthreshold response induced by natural variations in environmental factors, such as soil water, fertiliser, illumination, air temperature, and humidity (Leng 1998; Hu 2003) . Although the LEP cannot be transferred, it significantly influences the physiological state of a plant (Ren et al. 1993) . On the other hand, if the electrical potential transfers from the stimulated site to the other parts, this transfer mode is called an electrical wave delivery (Vian et all996) . Moreover, the electrical wave delivery can be divided into two types: Action Potential (AP) and Variation Potential (VP) (Davies 1987; Mwesigwa et al. 2000; Davies 2004 ). The AP is induced by non-damaging stimulations (light/darkness, electrical stimulation) and it propagates without loss of amplitude, while the VP is evoked by damaging stimulations (wounding by cutting or burning) and is characterised by decrease in magnitude as it spreads away from the site of stimulus. The mechanism and pathways of AP or VP transmission in plants have been investigated by several researchers (Davies 1987; Juhen et al. 1991; Stankovic & Davies 1996; Stankovic et al. 1998; Volkov 2000; Dziubmska et al. 2001 Dziubmska et al. , 2003 Volkov etal. 2005) .
Action potentials and variation potentials generated in higher plants in response to light, heat, cold, and electrical stimuli have been investigated, but only under laboratory conditions, and over short periods (Wildon et al. 1992; Vian et al. 1999; Fromm & Lautner 2007) . obviously, these conditions do not completely match the natural environment of solar greenhouse and field where the plants grow. Additionally, since the greenhouse is always a complex environment, recorded electrical signals have to be analysed by signal processing methods to study their relationships with the environmental factors.
To evaluate the involvement of bioelectrical signals in response to stress in the natural environment, we designed an automatic monitoring system to investigate the characteristics of electrical signals as reliable indicators of stress in plants.
SENSOR AND MONITORING SYSTEM
Surface electrode for measuring bioelectrical signals in plants unlike recording the bioelectrical activity of an animal, methods for monitoring higher plant electrical signals over long periods during growth have not been studied intensely. Surface measurements especially suit the non-invasive detection of bioelectrical activity and the simultaneous recording of other physiological signals such as leaf temperature and gas exchange. Metal electrodes (ag, au, Pt electrode), ag/agCl electrodes and calomel electrodes can be utilised as the measuring electrodes. in this work, an ag electrode connected to the plant by means of a gel (goldnuote Co., China) used in EEg (electro encephalography) and calomel electrodes were both chosen to measure the electrical signals in our plants. These sensors were selected for the following reasons: the non-polarisable electrodes were applied in the greenhouse; the input impedance of the preamplifier must be high (>10 10 Ω), and the temperature drift must be low, so the temperature coefficient of the input offset voltage should be less than 10 μV/°C. One electrode was connected to the root or stem as a reference electrode and an upper electrode was also connected to the stem or leaf as a measuring electrode ( Fig. 1,2 ).
Monitoring system
A flow diagram and outline of the monitoring system are shown in Fig. 3 . The monitoring system consisted of hardware and software with the functions of data acquisition and processing. according to experimental demands, various environmental factors in the greenhouse, including temperature, illumination, humidity, supplement of Co 2 , were taken into account. The electrical signals and leaf temperature were also recorded. all analog signals from the amplifiers were converted to digital and transferred using a data acquisition board Kh-9250h (Ke hai Corporation) allowing 32-channel recording. The Kh-9250h board provided high resolution, a wide gain range and each channel was sampled at 100 kps/s. The signals were recorded as a text file using the software of the monitoring system. We compared potential differences between the two electrodes at spacings of 0.0, 1.5, 6.0 and 9.5 cm along the stem of cucumber detected by the designed circuit with that detected by a ph meter (PhB-1, SanXin Table 1 . There was no significant difference in output voltage between the designed circuit and the ph meter.
MATERIAL AND METHODS

Plant material
Cucumber plants (Cucumis sativus L.) were grown in a greenhouse with photoperiods of about 14 h light/10 h dark. air temperature varied from 15-30°C during the day and 12-22°C during the night; the Co 2 concentration in air was 600 ± 200 ppm. The rooting mix was 70% vermiculite and 30% humus and contained all essential nutrients. all measurements were performed on 51 to 54-dayold plants. A group of five plants was selected to a water stress treatment imposed by applying a 30% polyethylene glycol 6000 solution in the laboratory. The control group comprised 10 plants while a further 10 plants were placed under drought stress in the greenhouse.
Experimental setup
In the laboratory experiment, the five cucumber plants were mounted in an experimental chamber. Before water stress experiments using PEg, the electrical signal of individual plants induced by a dark/light transition were recorded as a control. Plants were illuminated with a tungsten lamp equipped with a water filter 15 mm thick (to minimise temperature influences) and a filter GRB3 (Nantong Xiangyang optical element Co., Ltd, China), transmitted light between 350 and 750 nm. a schematic of the laboratory setup for light stimulation and recording the electrical signals is shown in Fig. 4 . Figure 5 indicates simultaneous measurement of environmental factors (light, temperature, relative humidity) and electrical signals in plant during water stress in the greenhouse. Leaf relative water content (RWC) was obtained as described by Liu et al. (2004) ; soil water content was measured according to Fromm & Fei (1998) . 
RESULTS
Figure
Measurement of electrical signals in the green-
To evaluate the potential use of electrical signals for monitoring environmental changes, we performed measurements with the monitoring system in the greenhouse to assess plant responses to water stress. a polygraphic tracing of the environmental factors by our multi-channel system showed that the electrical signals in cucumber plants is influenced by all these environmental factors. The electrical signals in cucumber plants, exposed to drought stress (3 days without added water) by which time soil water content was reduced to 27%, compared with 43% at the start, did not respond to a dark/ light transition. as light decreases gradually in the evening, long lasting changes of electrical potential were evoked in control plants. The slight change was induced from light to dark in the drought stress group. The comparisons of data obtained under different treatments are presented in Table 2 . There were no significant differences between the groups with changes in air temperature, light or relative humidity. however, the mean change in amplitude of electrical signals in the control group with change from dark to light was significantly higher than that of the drought stress group (5.8 ±1.1 mV versus 0.8 ± 0.5 mV, P < 0.01; Table 2 ). The same was observed for change light/dark (5.5 ± 0.8 mV versus 1.7 ± 0.6 mV,P< 0.01; Table 2 Comparison of data between the control and drought-stressed plants. The statistics of the data were performed by Student's t-test. a , Indicates significant (P < 0.01); ns denotes non-significant.
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DISCUSSION
A large body of research has focused on the responses of light/dark transition induced changes of membrane potential and the ionic basis for these responses (Jeschke 1976; Trebacz &Zawadzki 1985; Spalding & Cosgrove 1989; Trebacz et al. 1989) . in most cases, the dark/light transition results in a depolarisation or hyperpolarisation. if depolarisation exceeds a certain threshold, an action potential can be triggered; however, this occurs only in a relatively small group of plant species (Szarek & Trebacz 1999) .
Calcium-dependent voltage transients (VTs) evoked by illumination in the liverwort (Conocephalum conicum L.) were observed (Krol & Trebacz 1999) . VTs and related phenomena may be a more common type of plant response to illumination than aPs. For a large number of plant species, local, non-propagating signals resembling VTs, that depend on stimulus strength have been recorded (Krol &Trebacz 1999) . The amplitudes of these responses depend on light intensity. a similar dependence was observed when the rate of potential change following a light/dark transition is taken into account (Trebacz & Sievers 1998) . our results on greenhouse plants are in accordance with these earlier studies.
in recent years, efforts to elucidate the ionic mechanisms of electrical signals have been reported. The ionic mechanism of changes in membrane potential differs qualitatively amongst the different species in higher plants. in characean algae, the aP is due to activation of calcium currents (Elzenga et al. 1995) , while the blue-light induced depolarisation in etiolated cucumber hypocotyls involves inhibition of the proton-pumping ATPase, influx of calcium (Spalding & Cosgrove 1992) and participation of an anion channel (Krol & Trebacz 1999 ). a light transition modulates both proton pump and K + channel activity in plasma membranes of tobacco (BlomZandstra1et al. 1997) . Besides the proton pump, K + , Cl -, and Ca 2+ ion channels are often proposed as participating in light-induced potential changes in the liverwort Conocephalum conicum (Trebacz et al. 1997) . The role of K + , Cl-, and Ca 2+ channels on light-induced membrane potential was studied using an ion channel inhibitor in Asplenium sp. (Krol & Trebacz 1999) . The K + channel and h + -aTPase interact via apoplastic ph (Dietrich et al. 1998 ).
Studies were conducted to characterise the effects of light exposure on the stomatal movement at guard cell level (Zeiger 1990 ). The results from the microelectrode and patch-clamping technique showed that main physiological effect of light is hyperpolarisation of the guard cell plasma membrane. This is consistent with the results of our previous work at whole plant level where we showed that the effect of electrical signals in the whole leaf reflected stomatal movement as stomata open (Edwards et al. 1988) . Meanwhile, the K + efflux also occurs as a wave from the walls of epidermal cells to guard cells. Those protons are pumped out and the K + enters the guard cells. Drought-induced increases of ABA can influence ion transport through the membrane by reduction of turgor pressure that results in stomatal closure (Fromm & Fei 1998) . Moreover, drought stress can inhibit the proton pump leading to a change in H + transport and a decrease in sensitivity to change from dark to light (Fromm & Fei 1998) . The response of electrical signals in plants to environmental change is weakened by drought stress.
CONCLUSION
Automatic measurements of electrical signals in plants can be effectively used in the greenhouse for studying the influence of external stimuli on plants in realtime. In this work, the changes of electrical signal evoked by water stress were observed. According to the results, the amplitude ofthemean value ofthe electrical signal in the transition between dark and light (40-50 min at dawn) could be used to reflect the status of plants under water stress with soil water content reduced to 27%. Our data support the view that electrical signals in plants play an important role during water stress.
